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The morphologica[ basis of atherosclerotic plaques is formed by foam cells (FC) and connective tissue, 
Transformat ion of cei ls  of the vessel  wall into FC is observed at sites of its infiltration by apo-B-conta~ning 
lipoproteins. It is well known, however, that incubation of various cells  in medium containing even very  high 
concentrat ions of native low-density lipoproteins (LDL) does not lead to their  subsequent t ransformat ion into 
FC. The use of chemically modified LDL (m-LDL) enabled the p roce s s  of t ransformation of smooth-muscle  
cells (SMC) and macrophages  into FC to be reproduced in vitro for the f i r s t  time. It was shown that the ability 
of cells  to engage in uncontrolled uptake of m - L D L  lies at the bas is  of this phenomenon. It can be postulated 
that FC formation in an a therosclerot ic  focus is also the resul t  of the uncontrolled uptake of LDL, modified 
in the ext race l lu iar  space of the vessel  wall. 

Prev ious  investigations showed that the trend of t ransformat ions  of LDL in the extracel lu lar  space of 
the a r te r ia l  wall is determined by their  aggregation, enzymic modification, and accumulation of lipid perox-  
ides in their  composition and complex formation with glycosaminogIycans [2]. 

The aim of this investigation was to study the cel lular  mechanisms of macrophage t ransformat ion into 
FC during their incubation with aggregated LDL (a-LDL) and f ibroblast-modif ied LDL (fm-LDL). 

E X P E R I M E N T A L  M E T H O D  

Exper iments  were  ca r r i ed  out on cultured human embryonic lung f ibroblasts  at the 10th passage and on 
mouse peri toneal  macrophages.  LDL (1.019-1.055 g/ml)  and blood serum prote ins  not containing LP,  with a 
density of 1.250 g/ral ,  were / so la ted  by ultracentrifugation /6] f rom blood of  a human blood donor. L[popro- 
reins (LP) used in the exper iments  were est imated as protein [7]. To obtain aggregates  of LDL a solution of 
native LDL from human blood plasma, dialyzed againstHanks '  solution, was incubated for 3-7 days at 37~ un- 
der  s ter i le  conditions. A subfractton of aggregates  (a-LDL) was then isolated from the total LDL fract ion by 
gel filtration on Sepharose 4B. 

To obtain f ibroblast-modif ied LDL, the cells  were incubated in Eagle ' s  medium containing 50 # g / m l  of 
native LDL and 5 mg/ml  of nonlipoproteinblood serum proteins with a density of more  1.250 g /ml  for 2 days. 
The medium was then poured off, concentrated by means  of Am[con on an XM-300 filter, and dialyzed against 
f resh  Eagle ' s  medium. This procedure  enabled the LDL to be separated f rom nonl[poprotein proteins.  The 
fm-LDL thus isolated were used for  incubation with maerophages.  

Mouse peri toneal  macrophages  [5] were cultured on plastic supports in 16-ram Multiwells (Falcon Plas -  
tics, USA} for 6 days. Eagle ' s  medium containing a-LDL or  fm-LDL in a concentration of 50 #g/ml ,  and non- 
lipoprotein prote ins  (5 mg/ml) ,  was used as the incubation medium. The incubation medium was changed for 
f resh every  2 days. After the end of incubation the ceils  were washed off five t imes with 0.15 lV[ phosphate 
buffer, pH 7.4 [3], and fixed in glutaraldehyde in cacodylate buffer, pH 7.4. The subsequent p rocess ing  and 
embedding of the mater ia l  were car r ied  out by the method descr ibed previously  [1]. 

E X P E R I M E N T A L  R E S U L T S  

During incubation of mouse macrophages  with fm-LDL or  a -LDL for  6 days, FC were observed to be 
formed, whereas  during incubation of macrophages  with native LDL no FC were formed. Besides FC formed 
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Fig. 1. U l t r a s t ruc tu ra l  f ea tu res  of lipid vacuole format ion  in m a e r o p h a g e s  undergo-  
ing t r ans fo rma t ion  into foam cel ls .  A) C i s t e rns  of rough endoplasmic re t icu lum f i l l -  
ing with lipids, 66,000 • b) format ion  of a la rge ,  m e m b r a n e l e s s  lipid vacuole,  46,000 x; 
c) merg ing  of m e m b r a n e l e s s  lipid vacuoles ,  filling cy top lasm of cell ,  26,000 • d) fo r -  
mat ion of l a rge  lipid vacuoles  surrounded by a membrane ,  60,000 • e) format ion  of 
t rans lucent  lipid vacuole (in center) ,  surrounded by m e m b r a n e ,  46,000 • LV) Lipid vac-  
uoles,  ER) endoplasmic  re t iculum, L) lysomes .  Ar rows  indicate c i s t e rn s  of rough en- 
dop[asmic re t iculum,  filled with lipids. 

previously ,  the initial s tages  of t r ans fo rmat ion  of m a c r o p h a g e s  into FC could also be seen. Morphological  an- 
a lys i s  revea led  no significant difference in the intensi ty of FC format ion  whether  f m - L D L  or  a - L D L  were  used. 
The abili ty of macrophage  to engage in uncontrol led uptake of these  LP is evidently a t r igger ing  mechan ism,  
inducing the i r  t r ans fo rma t ion  into FC. 

Since s imi l a r  changes in the s t ruc ture  and p r o p e r t i e s  of LDL can take place in the vesse l  wall also, the 
obse rva t ions  descr ibed  above can shed some light on the p r inc ip les  governing FC format ion  in the a r t e r i a l w a l l .  

U l t r a s t ruc tu ra l  ana lys is  of t r ans fo rma t ion  of m a c r o p h a g e s  into FC revea led  some special  f ea tu res  of 
lipid vacuole format ion  in the cell cy top iasm not p rev ious ly  descr ibed  in the l i t e ra tu re .  Analys is  of the mech-  
an i sms  of this uncontrolled endocytosis  of m - L D L  [5] d e m o n s t r a t e s  that the p r o c e s s e s  of endocytos is  of m-  
LDL, the i r  subsequent  degradat ion in the lysosomes ,  and r e - e s t e r i f i c a t i on  of the f ree  cho les te ro l  thus l ibe r -  
ated, with the aid of the m i c r o s o m a l  enzyme acy l -CoA-cho les t e ro l  a cy l t r an s f e r a se  (ACAT), with the format ion  
of m e m b r a n e l e s s  lipid vacuoles,  are  coordinated.  

A consecut ive study of the var ious  s tages  of FC format ion  in the course  of this  investigation showed that,  
before  the format ion  of lipid vacuoles ,  the hyper t rophied  c i s t e rn s  of the endoplasmic  re t iculum,  with a uniform 
distr ibution of r i b o s o m e s  on the m e m b r a n e s  (Fig. 1), filled up with es te r i f i ed  choles te ro l .  Accumulat ions  of 
! ip idswere ,  t he re fo re ,  v a r i e d i n  shape, repeat ing  the s t ruc tu re  of the hyper t rophied  c i s t e rns ,  and s o m e t i m e s  
merg ing  with one another.  Often these concent ra t ions  of l ip[ds r e s e m b l e d  choles te ro l  c rys t a l s ,  but the la t te r  
a re  a lways surrounded by m e m b r a n e s .  T h e y a r e  probably  phospholipid in nature,  like myel in - l ike  s t ruc tu res ,  
and usually a re  not bound to the endoplasmic  re t ieu lum.  
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As a result  of esterif icat ion of cholesterol ,  membrane less  lipid vacuoles of low electron density formed 
in the rough endoplasmic ret iculum (Fig. lb). In the course of this p rocess  r ibosomes  on membranes  of the 
c is terns  gradually disappeared, after  which the c is terns  themselves  melted. Large  and small  membrane le s s  
[ipid vacuoles joined t o g e t h e r  and gradually replaced the endoplasmic reticulum (Fig. lc). These observa-  
tions suggest the existence of another pathway of lipid vacuole formation in macrophages .  In cel ls  incubated 
with a -LDL and with fm-LDL,  besides typical membrane less  vacuoles, it was also possible to observe large 
endocytotic vesicles,  more  than 100 nm in diameter ,  surrounded by a membrane,  and possess ing  average elec-  
tron density (Fig. ld). Endocytotic vesic les  of this kind (we call them "vacuoles surrounded by an LP mem-  
b rane ' ) ,  as a rule, do not merge  with lysosomes  (Fig. ld). As the lipid vacuoles surrounded by a membrane  
accumulate in the zone of the endoplasmic reticulum, they become translucent  (probably because of es ter i f ica-  
tion of cholesterol),  starting from the periphery,  and gradually extending into the central  par t  of the vacuole 
(Fig. ld, e). In the stage of complete translucency,  these lipid vacuoles differ f rom the membrane le s s  kind 
only in that they are surrounded by a membrane.  The re -es te r i f iea t ion  of cholesterol  probably takes place 
on account of nonspecific es te rase  and ACAT, for the rough endoplasmic ret iculum, which also surrounds lipid 
vacuoles,  is g ross Iy  hypertrophied. 

It can be tentatively suggested that the presence of this second pathway of formation of lipid vacuoles 
in FC is the resul t  ei ther  of the existence of different mechanisms of uncontrolled endocytosts  of m - L D L  in 
the cell, or  of the relative functional insufficiency of the lysosomal apparatus when an excess  of m - L D L  
enters  the cell. 

Modification of the p roper t i es  of LDL is thus a factor  inducing rapid t ransformat ion of macrophages  
into FC. Under these c i rcumstances  the p roces s  of catabolism of m-LDL or  fm-LDL and the formation of 
lipid vacuoles take place in two ways: with or  without the part icipation of lysosomes.  In the f i rs t  case mere- 
braneless  lipid vacuoles are formed, in the second case - vacuoles surrounded by a membrane.  
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